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MARCKS regulates membrane ruffling and cell spreading
Monn Monn Myat*, Susan Anderson*, Lee-Ann H. Allen† and Alan Aderem*
The dynamic rearrangement of the actin cytoskeleton is
fundamental to most biological processes including
embryogenesis, morphogenesis, cell movement, wound
healing and metastasis [1]. Membrane ruffling and
reversible cell–substratum interactions underlie actin-
driven cell movement. Protein kinase C (PKC) stimulates
membrane ruffling and adhesion [2], but the mechanism
by which this occurs is unknown. Myristoylated alanine-
rich C kinase substrate (MARCKS) is a PKC substrate
that cycles on and off membranes by a mechanism
termed the myristoyl–electrostatic switch [3–6]. While at
the membrane, MARCKS binds to and sequesters acidic
phospholipids including phosphatidyl-inositol-4,5-
bisphosphate (PIP2) [7]. MARCKS also binds and cross-
links filamentous actin, an activity which is regulated by
PKC-dependent phosphorylation and calcium–
calmodulin [8]. In this report, we demonstrate that
expression, in fibroblasts, of MARCKS containing a
mutation which abrogates the myristoyl–electrostatic
switch prevents cell spreading. The MARCKS mutant
arrests the cell during an early stage of spreading,
characterized by profuse membrane blebbing, and
prevents the formation of membrane ruffles and lamellae
usually found at the leading edge of spreading cells. This
defect in the regulation of the actin cytoskeleton is
accompanied by a decrease in cell–substratum adhesion.
Our results provide direct evidence that MARCKS and
PKC regulate actin-dependent membrane ruffling and
cell adhesion, perhaps via a PIP2-dependent mechanism.
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Results and discussion
MARCKS associates with membranes by the cooperative
interaction of two membrane-binding domains: the myris-
toyl moiety inserts into the hydrophobic lipid bilayer, and
the basic effector domain interacts electrostatically with
acidic phospholipids including PIP2 [5,6,9,10]. When
PIP2 is bound by MARCKS, it is sequestered from other
PIP2 binding proteins [7]. PKC phosphorylates serine
residues within the basic effector domain, thereby disrupt-
ing the electrostatic interaction and releasing the protein
from the membrane [5,6,9,10]; upon dephosphorylation,
MARCKS reassociates with the membrane. This cycle of
reversible membrane binding has been called the myris-
toyl–electrostatic switch [5]. Myristoyl switches appear to
be general mechanisms by which proteins interact
reversibly with cell membranes. For example, recoverin, a
calcium sensor in photoreceptor cells, moves on and off
membranes via a calcium–myristoyl switch [11], and ADP
ribosylation factor, a small GTP-binding protein involved
in membrane traffic, reversibly associates with membranes
via a GTP–myristoyl switch [12]. 
To elucidate the role of the myristoyl–electrostatic switch
in MARCKS function, we constructed a MARCKS mutant
that incorporates two palmitoyl residues at its amino termi-
nus instead of a single myristoyl moiety. We have previ-
ously shown that incorporation of these two fatty acids
anchors the protein firmly to the membrane even when
phosphorylation disrupts the electrostatic membrane-
binding interaction [9]. The replacement was accomplished
by combining the first seven amino acids of a palmitoylated
PKC substrate, GAP-43 [13], with amino acids 6–309 of
MARCKS (Figure 1a). The resultant chimera (G43-M) is
palmitoylated on Cys3 and Cys5 ([9]; Figure 1c), and when
we looked at its subcellular distribution, we found that the
protein did not translocate from the membrane to the
cytosol upon phosphorylation by PKC (Figure 1d).
To test the hypothesis that MARCKS regulates the motile
actin cytoskeleton, we compared the spreading of cells
expressing similar levels of wild-type MARCKS or the
palmitoylated MARCKS mutant, G43-M (Figure 1b). Ltk
fibroblasts expressing wild-type MARCKS spread and flat-
tened circumferentially on a fibronectin matrix (Figure 1e).
In contrast, cells expressing G43-M blebbed profusely and
did not spread (Figure 1e). This phenotype was observed
with all 10 independently generated G43-M-expressing
clones (data not shown). Scanning electron microscopy
demonstrated that cells expressing MARCKS spread in
three distinct morphological stages (Figure 2a and data not
shown). Immediately after seeding (5 minute time point),
the cell surface became active, and small bleb-like
membrane protrusions extended and retracted around the
periphery of the cell. This was followed by membrane
ruffling; for example, 15 minutes after plating, MARCKS-
expressing cells had blebs and ruffles. After 30 minutes,
the cells stopped blebbing, membrane ruffling increased,
and numerous ruffles matured into lamellae. By
90 minutes, a distinct lamellum surrounded the spread cell.
Video microscopy demonstrated that the ruffles of
MARCKS-expressing cells attached to the substratum and
flattened to form lamellae (Figure 2b). Cells expressing
G43-M were indistinguishable from MARCKS-expressing
cells upon seeding (Figure 2a, 5 minute time point) —
their membranes were active and blebbed profusely. In
contrast to MARCKS-expressing cells, however, cells
expressing G43-M never progressed beyond the blebbing
stage (Figure 2a,b). The blebs were dynamic, and continu-
ously retracted and extended (Figure 2b, arrowhead). 
We scored cells expressing MARCKS (n = 73) and cells
expressing G43-M (n = 80) for membrane blebs, ruffles and
lamellae. At 90 minutes after plating, 80% of cells express-
ing G43-M still blebbed and only 8% showed membrane
ruffles. At the same time, only 8% of MARCKS-expressing
cells blebbed, whereas 65% showed membrane ruffles and
lamellae. Therefore, expression of the G43-M chimera in
Ltk fibroblasts interrupts the progression from the mem-
brane blebbing stage to the membrane ruffling stage during
cell spreading. Cell spreading was measured by determin-
ing the cumulative change in projected surface area over
time. The area of cells expressing MARCKS increased
approximately 5-fold during the first 2 hours after plating,
whereas cells expressing G43-M showed no net change in
projected area over the same time course (Figure 3a). 
Cell spreading reflects the concerted activity of actin-
driven membrane protrusion and integrin-dependent
adhesion to the substratum [14]. Video microscopy of
spreading G43-M-expressing cells suggested that mem-
brane protrusion was not accompanied by adhesive events
(Figures 1e and 2b, and data not shown). This was substan-
tiated by the demonstration that cells expressing G43-M
adhered 5-fold less than MARCKS-expressing cells to a
fibronectin matrix (Figure 3b). The defect in spreading of
cells expressing G43-M therefore reflects lesions in both
actin-driven motility and integrin adhesive activity. 
The localization of MARCKS and filamentous (F) actin
was determined in MARCKS-expressing cells at different
stages of spreading (Figure 4a–f). At the earliest stage of
spreading, MARCKS and F actin co-localized around the
membrane blebs (Figure 4a,b). At an intermediate stage of
spreading, both MARCKS and F actin were found in
membrane ruffles (Figure 4c,d), and at the terminal stage
of spreading, MARCKS and F actin were localized to the
leading edge of lamellae (Figure 4e,f). These observations
reinforce the suggestion that MARCKS regulates the
dynamic actin cytoskeleton during cell spreading. G43-M
was found exclusively around the perimeter of the blebs,
where it too co-localized with F actin, suggesting that the
myristoyl–electrostatic switch of MARCKS must be acti-
vated by PKC to permit the formation of ruffles and
lamellae (Figure 4g,h). This notion was further reinforced
by two observations: first, that PKCa co-localized with
MARCKS at the ruffling edge of spreading cells; and
second, that PKC inhibitors such as chelerythrin chloride
and calphostin C prevented MARCKS phosphorylation
and cell spreading (data not shown). A number of known
cytoskeletal and signaling proteins were localized in cells
expressing either wild-type MARCKS or G43-M:
MARCKS, F actin, PKCa, talin, a-actinin, paxillin, focal
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Figure 1
Inhibition of the myristoyl–electrostatic switch of MARCKS prevents cell
spreading. (a) Wild-type MARCKS (WT) contains three distinct domains:
an amino-terminal myristoylated domain, a conserved MH2 domain, and a
basic effector domain (ED), which contains the PKC phosphorylation sites
and calmodulin and actin binding sites [3,4]. The G43-M chimera is
palmitoylated on Cys3 and Cys5, whereas WT is myristoylated at Gly1. (b)
An anti-MARCKS immunoblot demonstrates that WT and G43-M are
expressed at similar levels in stably transfected Ltk fibroblasts. (c) WT and
G43-M were immunoprecipitated from cells labeled with [3H]myristic acid
(MA) or [3H]palmitic acid (PA) as described previously [9]. WT became
labeled with [3H]MA but not with [3H]PA, whereas G43-M became labeled
with [3H]PA but not with [3H]MA. The intensities of radiolabeling with
[3H]MA and [3H]PA are not directly comparable as mammalian cells
contain a large amount of PA and very little MA, resulting in a higher
specific activity of the MA radiolabel. All G43-M molecules contained two
PA moieties as all of the protein migrated slower than singly myristoylated
WT (b). (d) Subcellular distribution of WT and G43-M. Cells expressing
WT and labeled with [3H]MA and cells expressing G43-M and labeled with
[3H]lysine were left untreated (control) or treated with 200 nM PMA (PMA)
for 30 min before fractionation. Cells, disrupted by nitrogen cavitation, were
separated into total membranes (M) and cytosol (C) before
immunoprecipitation with a polyclonal antibody against murine MARCKS,
as described previously [9]. (e) G43-M prevents cell spreading. Spreading
WT-expressing cells showed a flattened morphology with membrane
ruffles at the cell periphery (arrow) whereas cells expressing G43-M
showed numerous blebs (arrowhead). Unlike WT-expressing cells, which
spread circumferentially within 60 min, cells expressing G43-M blebbed
continuously, and the blebs did not mature into lamellae. After blebbing for
48 h, cells expressing G43-M spread (data not shown); the fact that the
phenotype was reversible suggests that blebbing was not due to cytotoxic
effects of G43-M expression. The reversibility of blebbing after 48 h is
reminiscent of the phenotype of a human melanoma cell line lacking the
actin binding protein ABP [20]. The bars are 10mm.
(a)
(b)
(e)
WT 
W
T
G
43
-M
G MH2 ED
G43-M CC MH2 ED
97-
69-
(d)(c)
WT
G43-M
C	 M	 C	 M
Control	 PMA
WT G43-M
MA	 PA MA	 PA
97-
69-
adhesion kinase and tyrosine-phosphorylated proteins
were found in the blebs, ruffles and lamellae of
MARCKS-expressing cells and in the blebs of cells
expressing G43-M (data not shown). Whereas MARCKS,
talin and F actin were found as a distinct ring around the
blebs of cells expressing either protein (Figure 4a,b,g,h
and data not shown), paxillin, a-actinin, PKCa, focal
adhesion kinase and tyrosine-phosphorylated proteins
stained diffusely in the blebs (data not shown). Vinculin
was absent from the protrusive edge of these membrane
structures, however, and instead localized to the sub-
strate–adherent surface (data not shown). 
We attribute the defect in spreading of cells expressing
G43-M to lesions in actin remodeling, integrin-mediated
adhesion, or both. These two possibilities are not mutually
exclusive as the actin cytoskeleton is known to influence
the activation state of integrins by inside-out signaling [15].
Circumstantial evidence suggests a role for MARCKS in
the regulation of actin structure at the membrane as well as
in the assembly of motile adhesive structures [3]. For
example, in motile macrophages MARCKS localizes to the
zones of membrane–substrate contact known as podosomes
[16], and during phagocytosis MARCKS is rapidly recruited
together with actin to the forming phagosome [17]. In
migrating neutrophils, chemotactic agents activate the
myristoyl–electrostatic switch [6], supporting a role for
MARCKS in the cytoskeletal rearrangements and adhesive
events associated with cell movement. 
Cell spreading is initiated by the actin-driven protrusion of
membrane ruffles that adhere to the substratum and
expand to form lamellipodia [1]. Members of the Rho
family of small GTPases have been implicated in regulating
membrane ruffling and adhesion to the substratum; Rac
stimulates membrane ruffling and lamellipod formation,
whereas Rho promotes the formation of stress fibers and
the assembly of focal adhesions [18]. The precise mecha-
nism by which these GTPases regulate the actin cytoskele-
ton is not yet known; a variety of protein and lipid kinases
have been implicated [18]. It is also well known that PKC
stimulates membrane ruffling and cell spreading [2],
although it is not clear whether, or how, the PKC pathway
and the Rho/Rac pathways interact. Our data suggest that
PKC regulates membrane ruffling and cell spreading by
activating the MARCKS myristoyl–electrostatic switch.
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Figure 3
Cells expressing G43-M do not spread, and
adhere poorly to the substratum. (a) The net
cumulative change in surface area (± SEM) of
cells expressing wild-type MARCKS (WT;
n = 150) or G43-M (n = 150) was measured
using Metamorph imaging software and
Microsoft Excel. (b) In a cell–substratum
adhesion assay (see Materials and methods),
cells expressing G43-M adhered 5-fold less
well than WT-expressing cells. 
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Figure 2
G43-M cells are arrested during an early stage
of spreading. (a) Cells expressing wild-type
MARCKS (WT) or G43-M were visualized by
scanning electron microscopy as described in
Materials and methods; blebs (large
arrowheads), ruffles (arrows) and
circumferential lamellum (small arrowheads) are
indicated. (b) Video microscopy demonstrates
a WT-expressing cell extending a membrane
protrusion which adheres to the substratum
(arrow at 30 min time point), and then ruffles
and expands into a lamellum 1 min later. Cells
expressing G43-M continuously extend and
retract blebs (notice that the blebs marked by
the arrowhead at 30.5 min have been retracted
30 s later).
MARCKS may mediate the effects of PKC either through
its ability to bind and cross-link F actin [8], through its
capacity to sequester PIP2 [7], a known regulator of the
actin cytoskeleton [1,19], or both. 
Materials and methods 
Time-lapse video and scanning electron microscopy
For time-lapse video microscopy, cells were plated at low density (5000 cells
per 12 mm coverslip) onto glass coverslips coated with 5 mg fibronectin
(Sigma) fitted to the bottom of plastic dishes (MatTek Corporation), and
allowed to adhere for 30 min at 37°C before recording was initiated. Images
were acquired continuously on a Zeiss Axiovert microscope equipped with a
Princeton Instruments cooled CCD camera using the Metamorph imaging
system (Universal Imaging Corporation). During recordings, cells were kept at
30°C on a heated stage. For scanning electron microscopy, cells plated on
glass coverslips were fixed in 2% glutaraldehyde and 2% paraformaldehyde in
0.1 M cacodylate pH 7.4, and then post-fixed in 1% aqueous osmium tetrox-
ide. Cells were dehydrated in an ethanol/dH20 series and critical-point dried in
CO2. Coverslips were sputter-coated with Au/Pd and observed in a JEOL JSM
6300F field-emission scanning electron microscope (JEOL) operated at 15 Kv.
Cell–substratum adhesion assay and immunofluorescence
For the adhesion assay, cells were seeded onto 96-well plates coated with 5mg
fibronectin (Sigma) at a density of 40,000 cells per well. After incubation at 37°C
for the indicated times, the plates were rocked on a Shaker 35 (National Labnet
Instruments) at speed 6 for 2 min. The wells were then washed twice with PBS
and rocked between each wash. Adherent cells were fixed with methanol,
stained with 0.1% crystal violet and solubilized in 2% deoxycholate (Sigma). The
96-well plates containing solubilized cells were read at 570 nm on a Microplate
Autoreader using Delta Soft II software (BioTek Instruments). Error bars repre-
sent SEM (n = 3). Wild-type MARCKS and G43-M were visualized using an
affinity-purified rabbit anti-murine MARCKS antibody [9] followed by either a Tex-
asRed-conjugated goat anti-rabbit secondary antibody (Molecular Probes) or a
FITC-conjugated goat anti-rabbit secondary antibody (Tago). F actin was
detected using TRITC-phalloidin (Molecular Probes). Indirect immunofluores-
cence was performed as described previously [9]. Fluorescent images were
acquired on a Biorad 1024MRC confocal microscope (Biorad laboratories)
using Zeiss Optics (Carl Zeiss Inc.).
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Figure 4
MARCKS and F actin co-localize in blebs,
ruffles and lamellae of spreading Ltk fibroblasts.
Wild-type MARCKS stained prominently (a)
around membrane blebs (see arrow and inset),
(c) in ruffles, and (e) at the leading edge of
lamellae. (b,d,f) TRITC-phalloidin staining
revealed that MARCKS co-localized with F
actin at these locations. (g) G43-M co-localized
with (h) F actin as a ring around the blebs (see
arrows and insets).
